tions of shorelines and terrace platforms using geotechnical excavations, borings, natural exposures, and topography ( Fig. 2) . We correlated coastal terraces with inland terraces by comparing elevation, stratigraphic relationships, degree of dissection, soil profiles, and faunal assemblages (Kanakoff and Emerson, 1959; Peska, 1984) .
MEASUREMENT OF UPLIFT RATE
Fossil localities in the northern San Joaquin Hills have been used for zoogeographic correlation and aminostratigraphic dating of upper Quaternary marine deposits in the Los Angeles basin, but there are significant uncertainties in amino acid dating due to temperature sensitivity (Wehmiller et al., 1977; Kennedy et al., 1982; Lajoie et al., 1991) . The 230 Th dating of solitary corals is a more reliable method of dating marine platforms. It can calibrate amino acid dates and ages of faunal assemblages. Because corals are uncommon in southern California, 230 Th ages from the Los Angeles basin have not previously been reported.
We calculated the average late Quaternary uplift rate of the San Joaquin Hills using coral ages from three localities and measurements of paleoshoreline (shoreline angle) elevations (Fig. 2) . Coral U and Th concentrations, isotopic ratios, and 230 Th ages (Table 1) were determined by thermal ionization mass spectrometry using the methods of Edwards et al. (1987) and Cheng et al. (1999) .
Three subsamples of a single Paracyathus pedroensis skeleton (sample FP-28) from terrace 2, on the east side of upper Newport Bay, yielded similar ages and initial δ 234 U values only slightly higher than the modern marine value of 146‰ ± 2‰ (Cheng et al., 1999) . Near-primary uranium isotopic composition and agreement among the radiometric ages imply minimal diagenetic alteration. The ages (Table 1) correlate well with the last interglacial period (Edwards et al., 1987) , marine oxygen isotope substage 5e.
Three solitary corals (Balanophyllia elegans samples 12654-0, 12654-1, and 12654-2; Table 1 ) from the second terrace along the coast of the San Joaquin Hills (Fig. 2) Stein et al. (1991) samples is due solely to diagenesis, that the same percentage spread affected our samples at the 12654 locality, and we then center this spread on the mean 230 Th/ 238 U ratio of the 12654 samples. The lowest 230 Th/ 238 U ratio corresponds to an age of about 120 ka, and the highest ratio corresponds to an age of about 240 ka.
A specimen of Paracyathus pedroensis from the first terrace (locality GK-90-14, Fig. 2 ) yielded an age of 106 ka ( Table 1) . The sample has an initial δ 234 U value close to the modern marine value, suggesting that the radiometric age is reliable. Barrie et al. (1992) correlated the lowest San Joaquin Hills terrace with substage 5a on the basis of the lack of extralimital southern (i.e., warm water) fossils, the extent of amino acid racemization, and elevation of the shoreline angle. Elevation of the substage 5a highstand was well constrained as -1 m for the southern California coast by Muhs et al. (1994) , but they reported -20 m to -1 m elevation of the substage 5c highstand. On the basis of terrace and eustatic sea-level correlations (Fig. 3) , we conclude that the substage 5c coral was reworked onto the substage 5a terrace, or the substage 5c and 5a sea stands occupied the same platform.
The elevation difference between the terrace 2 shoreline angle (32-35 m) and substage 5e sea level (6 m; Lajoie et al., 1991) divided by the average age of sample FP-28 (122 ka) yields an uplift rate of 0.21-0.24 m/k.y. Analogous calculations for the 12654 locality yield uplift rates of 0.24-0.25 m/k.y. for a substage 5e correlation. Using 0.24 m/k.y. as our best estimate of uplift rate during the Quaternary, the age of the highest shoreline (305 m) is ca. 1.3 Ma, and several inter-mediate terraces were probably occupied by multiple highstands (Fig. 3) .
RECENCY OF UPLIFT
The location and thickness of Holocene sediments in the San Joaquin Hills suggest that tectonic uplift continued during the middle to late Holocene. Isopach and structure contour maps of the Holocene Talbert aquifer beneath the Santa Ana River (Sprotte et al., 1980) suggest that the aquifer has been deformed. The distribution of fluvial and estuarine sediments southeast of the Santa Ana River also suggests that Holocene uplift occurred. Newport Bay was incised at least 36 m below present sea level during the last glacial maximum, but rapid sea-level rise at the close of the Pleistocene inundated coastal drainages and induced sedimentary infilling with Holocene sediments (Stevenson, 1954) . Stevenson concluded that an elevated bench of former marsh deposits in Newport Bay was created during the late Holocene by emergence. Stevenson speculated that the emergence was due to tectonic uplift and, based on elevation profiles, the uplift reflected anticlinal folding along a northwest-trending fold axis.
DISCUSSION
The late Quaternary uplift rate, anticlinal structure, and indications of Holocene uplift imply that the San Joaquin Hills are the surface expression of an active contractile fold (see Fig. 1 ), formed above a potentially seismogenic thrust fault (Stein and Yeats, 1989; Lettis et al., 1997; Shaw and Shearer, 1999) . Geomorphic analysis of the San Joaquin Hills provides some constraints on the geometry of the proposed blind fault. A fault-bend fold model with movement on a northeast-vergent thrust fault best explains the elevation of marine terraces on the northeast limb of the San Joaquin Hills anticline, as shown schematically in Figure 4 . Anticlinal structure of the San Joaquin Hills and northeast vergence of the underlying fault are supported by structural data of Vedder (1975) and our terrace mapping.
The maximum-magnitude earthquake that could occur on the San Joaquin Hills thrust can be estimated from empirical relationships between magnitude and subsurface fault-rupture length, as defined by the areal distribution of Quaternary uplift. This method does not require assumptions about fault geometry. The area of uplift extends at least ~38 km, from northwestern Huntington Mesa southeast to Dana Point, and therefore the 1032 GEOLOGY, November 1999 on July 6, 2010 geology.gsapubs.org Downloaded from fault could generate a M w 6.8 earthquake, using the length regression of Wells and Coppersmith (1994) . Alternatively, the magnitude of a maximum credible earthquake is estimated by assuming that the San Joaquin Hills thrust extends to the base of the seismogenic crust at 17 km, dips between 20° and 30°, and extends upward to within 2 km of the surface. In this interpretation the San Joaquin Hills thrust is a backthrust that soles into the Oceanside detachment (Bohannon and Geist, 1998) as part of a wedge-thrust structure. The dip of the San Joaquin Hills fault is modeled after the offshore segment of the San Joaquin Hills anticline, south of Dana Point (e.g., Fisher and Mills, 1991) . In this model, rupture of the entire fault area could generate a M w 7.2-7.3 earthquake, using the regression of Dolan et al. (1995) . The late Pleistocene slip rate of 0.42-0.79 m/k.y. is estimated from inferred fault dip (20°-30°) and the measured uplift rate of 0.21-0.27 m/k.y.
The recurrence time for earthquakes is estimated from the equation T = D/V, where T is the average recurrence time, V is the slip rate, and D is the average displacement per earthquake. We use D = 1.3 m of average uplift (Grant and Ballenger, 1999) for the most recent event and the slip rates (0.42-0.79 m/k.y.) to calculate average recurrence times of 1650-3100 yr for moderate-magnitude earthquakes.
We prefer to interpret movement of the San Joaquin Hills blind thrust to be the product of partitioned strike slip and compressive shortening across the southern Newport-Inglewood fault zone, similar to partitioned slip reported by Hauksson (1990) along the western Los Angeles basin. Grant et al. (1997) reported multiple surface ruptures on the southern Newport-Inglewood fault zone during the Holocene, but other than observations of an elevated marsh bench in Newport Bay and sparse microseismicity, we do not have direct evidence for Holocene activity of the San Joaquin Hills thrust.
However, on July 28, 1769, Gaspar de Portola, the first Spanish explorer into southern California, camped on the eastern bank of the Santa Ana River,~15-20 km north of the San Joaquin Hills. A violent earthquake occurred at noon, followed 10 minutes later by a severe aftershock and two other strong aftershocks later that day. Aftershocks continued for the next five days (Smith and Teggart, 1909) . Although there are many active faults in southern California that could have generated the 1769 earthquake, Portola's location makes a blind San Joaquin Hills source worthy of serious consideration.
